Abstract: Supported metallic nanoparticles (NPs) are essential for many important chemical processes. In order to implement precisely tuned NPs in miniaturized devices by compatible processes, novel nanoengineering routes must be explored. Atomic layer deposition (ALD), a scalable vapor phase technology typically used for the deposition of thin films, represents a promising new route for the synthesis of supported metallic NPs. Metal-organic frameworks (MOFs) are a new exciting class of crystalline porous materials that have attracted much attention in the recent years. Since the size of their pores can be precisely adjusted, these nanomaterials permit highly selective separation and catalytic processes. The combination of NPs and MOF is an emerging area opening numbers of applications, which still faces considerable challenges, and new routes need to be explored for the synthesis of these NPs/MOF nanocomposites. The aim of this paper is double: first, it aims to briefly present the ALD route and its use for the synthesis of metallic NPs. Second, the combination of ALD-grown NPs and MOFs has been explored for the synthesis of Pd NPs/MOF ZIF-8, and several selected examples were ALD-grown NPs and MOFs have been combined and applied gas separation and catalysis will be presented.
Introduction
Metallic nanoparticles (NPs) have gained a lot of interest in research because they can be applied in many different fields, such as biomedicine [1] , magnetic recording [2] , plasmonics [3] , water purification [4] and, most importantly, heterogeneous catalysis [5, 6] . Heterogeneous catalysis is by far the main application of metallic NPs. Supported metallic NPs are employed as nanocatalysts in many important technologies, for example in oil refining, automobile emission control, or fuel cells [6, 7] .
Although various methods exist to synthesize metallic NPs, based either on wet chemistry or vapor phase deposition [5, [8] [9] [10] [11] [12] [13] , there is much interest in finding new methods to synthesize improved nanocatalysts. The most commonly used techniques are solution-phase colloidal chemistry routes, which are very versatile techniques to synthesize metallic NPs. Briefly, the preparation of metallic NPs using these routes involve the reduction or the thermal decomposition of the metal precursors in the presence of a stabilizer and/or surfactant. The size and shape of the NPs can then be controlled by varying the process parameters [7, [12] [13] [14] [15] . Gas phase routes, either physical vapor deposition (PVD) or chemical vapor deposition (CVD) techniques, have also been applied to the synthesis of supported metallic NPs [16] . The main advantage of gas phase methods is the opportunity to produce a large amount of NPs directly supported on a chosen surface, and the process potential upscaling is thus easier than with the colloidal techniques. The control of the NPs dimensions is however more challenging [5, [8] [9] [10] [11] [12] [13] .
The search for a novel route to prepare NPs that can be tuned at the nanoscale is extremely important because their industrial applications are huge, and because many noble metals are scarce. In addition, there is a need to implement precisely engineered NPs in miniaturized devices such as micro fuel cells for example. Thus, new nanoengineering routes must be explored for the preparation of metallic NPs.
A promising new route for the synthesis of supported NPs is atomic layer deposition (ALD). Atomic layer deposition (ALD), a CVD derived route, is a vapor phase technology typically used for the deposition of thin films of high quality materials, offers many opportunities for nanoengineering also in the field of NPs.
The combination of nanomaterials prepared by ALD and other techniques open various prospects for a wide range of applications. For example, the ALD and electrodeposition routes have been combined to produce Cu 2 O\ZnO nanostructures and study their photoconductivity properties [17] , and the formation of Au/ZnO nanostructures has been achieved using ALD and PVD (magnetron sputtering), in order to study the contribution of plasmon resonance effects to the optical dispersion of gold nanostructures [18] .
MOFs are an emerging class of porous materials based on metal-containing nodes (secondary building units) and organic linkers. Microporous MOF materials have gained a lot of attraction in the recent years, due to their uniform channels, large internal surface areas, (sub)nanometer-sized cavities, thermal stability, and their tenability [19] [20] [21] [22] . MOFs materials with defined porosity are promising candidates for a myriad of applications, such as chemical catalysis, sensing, and most importantly, gas storage and separation [23, 24] . Due to their exceptional structural and functional tunability, the field of MOFs has become one of the most expanding area in chemistry [21] .
The combination of metallic NPs and MOFs attracts much attention because of the benefits of new chemical and physical properties, which could be extremely beneficial for catalysis and gas separation purposes. NPs/MOF nanocomposites can be prepared either by encapsulating presynthesized NPs by surrounding them with MOFs [25] [26] [27] , or by using MOFs as templates to generate NPs within their pores [28] [29] [30] [31] . Although there are several reports on NPs/MOF composites and their applications, this emerging area still faces significant challenges, one of the main one being the control over the precise nanostructure of the NPs [32, 33] . Thus, new nanomanufacturing routes need to be explored for the synthesis of these NPs/MOF nanocomposites [32, 34, 35] .
In this paper, the ALD route and its use for the synthesis of precisely controlled metallic NPs are first presented. Then, the combination of ALD-grown NPs and MOFs has been explored for the synthesis of Pd NPs/MOF ZIF-8, and several examples where these ALD NPs NPs/MOF nanocomposites materials have been applied to gas separation and catalysis will be described.
Atomic layer deposition of metallic nanoparticles (NPs)
ALD is a vapor phase deposition technique enabling the preparation of ultrathin films of inorganic materials such as oxides [36] [37] [38] [39] , nitrides [40] [41] [42] [43] [44] and metals [45, 46] , with a subnanometer thickness control [47, 48] . The route can be used to coat challenging 3D substrates with a conformal and uniform layer of high quality material, a capability unique amongst film deposition techniques [48, 49] . ALD research began in the former USSR in the 1950s [50, 51] , and the technology has been patented in the 1970s [51] . In the 1990s, the semiconductors industry became strongly interested in ALD [51, 52] as this thin film technology became an enabling technology for microelectronic devices fabrication. Since then, the microelectronics industry is the key-driver of the ALD field. ALD-grown materials have a wide range of applications, from microelectronics [53, 54] to biosensing [55, 56] , and from membranes [57] to nanocatalysis [58, 59] . Although the route has gained the strongest attention in the recent years, it is important to note that there was already interest in using ALD for catalysis applications in the mid-1990s [60, 61] .
ALD is based on the sequential use of self-limiting chemical reactions which take place in a cycle-wise fashion. A typical ALD cycle consists of successive pulses of a precursor and reactant gases in a vacuum reactor, separated by purge steps, thus forming two half-cycles. Figure 1 presents a schematic illustration of an ALD cycle.
A precursor is typically a metal center surrounded by chemical functional groups called ligands. The reactant chemistry is depending on the nature of the material to be deposited. Water or oxygen gas are typically used as reactant for the preparation of oxides, nitrogen containing reducing agents is used for nitrides or other reducing agents (e.g. H 2 gas) can be applied for the synthesis of metals. Evidently, each precursor or reactant in an ALD process has a profound impact on the resulting film chemistry [47, 62] . The fact that ALD allows for an excellent conformality over the substrate is directly related to the self-saturated chemical surface reactions, as opposed to other flux controlled techniques such as sputtering for example.
With the increase of applications enabled by ALD, in areas such as membranes [57] , catalysis [63] , photovoltaics [64] or sensing [55, 65] , new approaches for the integration of novel processes, substrates and precursor delivery techniques have been developed. These include energy-enhanced as well as spatial ALD processes involving plasma, direct-writing, atmospheric pressure, and roll-to-roll [66] . For further and more detailed information about the ALD technology, the reader is referred to recent reviews in this area [48, 53, [66] [67] [68] [69] [70] .
As written above, many ALD surface chemistries can be applied, depending on the processes used and materials to be prepared. The process leading to the preparation of metallic materials is somewhat different than for the synthesis of binary compounds (e.g. oxides or nitrides). One difference is that in metal ALD, the deposition of a metallic material containing one single element has to be achieved. Thus, the reactant must permit the removal of the organic ligands (of the adsorbed metallic precursor), but without being incorporated in the synthesized film. The chemistries used can be based on hydrogen reduction, combustion chemistry, or fluorosilane elimination, among others [37, 48] .
In most ALD processes, such as ALD of Al 2 O 3 for example, the growth of a uniform film on a substrate starts already after a few cycles, and the nucleation of the film and subsequent continuous growth is straightforward. In the case of ALD of metals, the film has typically more difficulties to grow, and a nucleation delay is typically observed before the formation of a closed film. In fact, because of the difference in surface energies [71] between the substrate and the metal to be deposited, ALD of metals usually starts with the formation of isolated clusters at the surface. This so-called Vollmer-Weber growth nucleation can be exploited to The substrate is exposed to a precursor and then purged in the first half-cycle. In the second half-cycle, the surface is exposed to a reactant and purged again.
produce supported metallic NPs. These NPs grow with increasing number of cycles, coalesce and finally form a closed film on which the ALD growth continues at a constant rate. Figure 2 illustrates the nucleation of Platinum ALD, showing that Pt ALD starts from island growth, via island coalescence, to film closure [72] . ALD is therefore a powerful tool for the direct synthesis of supported metallic NPs on challenging high aspect ratio substrates.
Strong research efforts have been carried out in order to gain an atomistic understanding of the evolution of the size distribution with temperature and number of cycles in (ALD) of metallic NPs. The growth mechanism includes the adsorption of precursor molecules at the substrate surface as well as the diffusion processes of metal adatoms to form clusters or to join growing NPs. The diffusion of atoms over the surface of the NP or within the NP themselves allows for a process of minimization to reduce the total surface free energy. Overall, the studies carried out have shown that NPs grow mostly via NP diffusion and coalescence, and that process parameters such as temperatures play a crucial role for their growth [63, 68, [72] [73] [74] [75] .
ALD was therefore used in order to achieve the controlled synthesis of high purity metallic NPs. A variety of metallic NPs have been prepared by ALD, including transition metals such as copper, cobalt, iron and nickel [76] , as well as noble metals such as Pd, Pt, Ag, Au, Ir and Ru [37, 45, [77] [78] [79] . Due to their potential application as nanocatalysts, the noble metals Pd and Pt have been the most studied NPs by ALD.
ALD of palladium NPs has been the subject of many studies, and the NPs have been deposited on different oxides, such as Al 2 O 3 [46, 80] [77] , NiO [85] as well as on nitrides [86] and high aspect ratio carbon based supports [87, 88] . In addition, the catalytic activity of Pd NPs prepared by ALD have been assessed for different chemical reactions, such as methanol [80] , ethanol [82] , isopropanol [88] , glucose [89] and glycerol oxidation [90] . The Pd NPs have been applied to other applications as well, such as sensing for example [65] . Figure 3 shows a TEM image presenting a high aspect ratio (ZnO) nanowire decorated with Pd NPs prepared by ALD, that was applied to hydrogen sensing [65] .
The preparation of platinum NPs by ALD has focused strong attention as well, and the NPs have been exploited for catalytic purposes. For example, Liu et al. deposited Pt NPs on carbon nanotubes for protonexchange membrane fuel cells, and they demonstrated that Pt nanocatalysts supported on CNTs have a higher utilization efficiency than commercial electrodes [91] . Setthapun et al. prepared Pt NPs on various high surface area oxides supports, and demonstrated that these nanocatalysts had identical water gas shift reaction rates and kinetics to those reported in literature [92] . The nanoengineering capabilities of ALD also enable the preparation of NPs with controllable nanostructures such as bimetallic NPs. In fact, both alloyed NPs and even core/shell NPs have been synthesized by ALD. Bimetallic Pt-Ru alloyed NPs were synthesized by alternating between Ru ALD and Pt ALD cycles [93] . Using area-selective ALD processes [94] , core/shell NPs with different combinations of noble metals including Pd, Pt and Ru supported on oxides have been synthesized by the ALD route as well [95] [96] [97] . In addition, independent and accurate control over the dimensions of both core and shell have been achieved [95] . Such bimetallic NPs with controlled nanostructures prepared by ALD are presented in Fig. 4 .
Combining ALD-grown NPs and MOFs
Both metallic NPs and MOFs present attractive but distinctive properties. Thus, combining these materials allows for a synergistic positive effect to take place, which is very attractive. In addition, the incorporation of metal clusters into MOFs can lead to significant improvements in porosity and stability of the MOFs materials. As described in the introduction, NPs/MOF nanocomposites are typically prepared either by encapsulating presynthesized NPs by surrounding them with MOFs or by using MOFs as templates to generate NPs within their pores [28] [29] [30] [31] .
In our group, we recently took advantage of the combination of Pd NPs grown by ALD and MOFs (ZIF-8) materials for hydrogen separation and sensing. For this purpose, we synthesized palladium NPs by ALD on ZnO NWs, and partially converted such decorated NWs (using solvothermal conversion) in order to obtain a permselective ZIF-8 MOF top-layer, offering molecular sieving properties [98] .
The strategic combination of ZnO nanowires (NWs) decorated ALD-grown Pd NPs and a molecular sieve metal organic framework (MOF) nanomembrane (ZIF-8) were integrated within a miniaturized sensing device, and the results obtained showed that the performance of gas sensors towards H 2 gas was greatly increased by using these ALD-grown NPs/composite nanomaterials. In fact; whereas the Pd NPs enabled the sensor to reach an intense signal response for H 2 sensing, the MOF ZIF-8 overcoat enabled for an excellent selectivity [65] . Figure 5 presents the results obtained with an integrated sensors based on bare ZnO NWs, Pd/ZnO NWs and ZIF-8 coated Pd/ZnO NWs. It can be clearly seen that the permselective ZIF-8 layer allows for an efficient hydrogen separation from the other gases, which considerably enhance the selectivity of the sensor. Considering the use of MOFs as templates to generate NPs within their porosity, the slow diffusion of ALD chemical precursors within the Ångstrom sized pores of MOFs makes ALD extremely challenging in these structures, but it can be achieved. Indeed, a few studies reported the insertion of metallic clusters NPs within such crystalline materials. The insertion of Zn, Co, Cu, Ni in Zr-based NU-1000 MOF has been achieved by Klet et al. [99] and the ALD of Pt clusters within MIL-101-Cr has been realized by the group of Detavernier [100, 101] .
The penetration of precursor and replacement of metal nodes is extremely challenging. For example, considering a typical DEZ (diethylzinc) precursor within a Zr based mesoporous MOF, NU-1000, different ratios of incorporated metal ions (Zn) to the Zr6 nodes have been observed depending on the ALD reactor temperature. Lower reactor temperatures prevented the dehydration of the Zr6 nodes and the loss of grafting sites (hydroxyl groups), resulting in better deposition of (four) Zn atoms per (Zr6) node [99] .
Pt ALD has been carried out in a MIL-101 MOF, which is based on pores with diameters in the low mesoporous regime (~25-35 Ǻ). ALD allowed for the synthesis of uniformly sized Pt NPs embedded within MIL-101 pores. Figure 6 presents the Pt Pt NPs/MIL-101 MOF nanomaterials obtained. In addition, the catalytic properties of nanocomposites were assessed for the hydrogenation of various olefins [100] .
The catalytic results obtained were promising, and the initial stability tests performed showed that the Pt NPs/MIL-101 MOF was stable for a long reaction time with very low Pt leaching and without loss of activity or crystallinity. Finally, it has to be noted that bimetallic NPs often present better properties than their monometallic counterparts. An exciting field of research would be the fabrication of bimetallic NPs/MOFs nanocomposites, which is a very challenging objective but could be achieved with this ALD strategy.
The composite materials fabricated by including ALD NPs to synergize with the intrinsic properties of MOFs allowed for enhanced properties when compared to the pure materials due to such synergistic effects. Thus, the strategy combining ALD processes and MOFs porous structures is a promising new route opening prospects for multifunctional devices such as gas detectors or catalytic reactors, for examples. 
Conclusions
This paper presented ALD as a novel route for the synthesis of metallic NPs. The technique enables the preparation of supported NPs with controllable size, composition and nanostructure. Combining these ALD-grown NPs with MOFs allows for a synergistic positive effect to take place in these nanocomposites. We reported the synthesis of metallic NPs by ALD in combination with MOFs, and showed that these nanomaterials hold great promise for a myriad of purposes, especially in the fields of gas separation, sensing and catalysis. To illustrate this new strategy, we reported two examples where the synergistic combination of ALD-grown NPs and MOFs has been applied: nanocomposites based on Pd NPs and ZIF-8 MOFs have been used for or hydrogen separation and sensing, and Pt NPs/MIL-101 MOFs have been successfully applied for the catalytic hydrogenation of various olefins.
In conclusion, we have demonstrated an effective strategy combining ALD processes and MOFs porous structures in order to provide access to new catalytically interesting functional materials. This strategy is applicable to a broad range of NPs and MOFs nanomaterials, and, considering the fact that the NPs can be precisely tuned by ALD and the number of existing MOFs structures, it is expected that this approach will be further exploited in the coming years.
